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Multilayer electrode of a semiconductor device. 



© A multilayer electrode <1 , 27, 28, 29, 30) of a semteonduc- 
n>r device comprises a first layer (2, 24) of aluminium In contact 
with a silicon substrate (5. 1 21, second layer (3, 25) of a refrac- 
tory metal or an alloy or compound thereof, and a third layer (4, 
26) of on aluminium-silicon attoy. Such a semiconductor device 
including the aluminium-silicon alloy in its third layer can with- 
stand heating at 500 Q C. 
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Fujitsu Limited - 1 - 80/2069/02 

MULTILAYER ELECTRODE OF A SEMICONDUCTOR DEVICE 

The present invention relates to a semiconductor 
device and in particular, it relates to a multilayer 
electrode in which a conductor layer contacts a semi- 
conductor substrate via a window in an insulating layer, 

5 Aluminium or an aluminium alloy is generally used 

for forming electrodes and wiring of a semiconductor 
device , such as an integrated circuit or a large- 
scale integrated circuit. Aluminium has merits of a 
low electric resistance and a low contact resistance to 

10 the silicon of a semiconductor substrate. However, 
aluminium can be alloyed with silicon so that the 
silicon of the semiconductor substrate dissolves into 
the aluminium of the electrode formed on the semicon- 
ductor substrate during annealing steps or heating steps 

15 carried out in the packaging process. As a result of the 
dissolution of the silicon into the aluminium, i.e. the 
alloying of aluminium with silicon, the characteristics 
of a Schottky barrier diode and a bipolar transistor 
deteriorate. In extreme cases shallow emitter PN junctions 

20 ma Y be broken by such aluminium-silicon alloying to form 
permanent emitter-base short-circuits. 

To overcome this problem Japanese patent speci- 
fication JP-A-54-44866 describes a multilayer construction 
for an electrode consisting of a first layer of aluminium 

25 a second layer of a refractory metal or a refractory 
metal alloy, and a third layer of aluminium. This con- 
struction limits the extent of the solution of the 
aluminium into the silicon provided the temperatures 
used in the preparation of the device are kept below 

30 450 °C. However, above this temperature the second layer 
no longer acts as a barrier and consequently this con- 
struction is not effective in controlling the dissolution 
of the aluminium and silicon above this temperature. 
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Thus the aim of the present invention is to pro- 
vide a semiconductor device which does not deteriorate 
when the device is heated to a temperature higher 
than 450 °C and, for example to a temperature of approx- 
imately 500 °C. 

According to this invention a multilayer electrode 
of a semiconductor device comprising a first layer 
containing aluminium in contact with the surface of 
a silicon semiconductor substrate, a second layer of 
a refractory metal or an alloy or compound thereof 
formed on the first layer, and a third layer containing 
aluminium formed on the second layer is characterised 
in that the third layer also contains silicon. 

Particular examples of semiconductor devices 
including multilayer electrodes in accordance with 
this invention will now be described and contrasted 
with the prior art with reference to the accompanying 
drawings; in which:- 

Figure 1 is a section through part of a semicon- 
ductor device illustrating a multilayer electrode in 
contact with a silicon semiconductor substrate, this 
Figure is used both to discuss the prior art and the 
present invention; 

Figures 2A to 2C are sections through part of a 
semiconductor device in various stages in its production; 

Figure 3 is a graph showing the relationship between 
the thickness of the TiW layer and the occurrence of 
emitter-base short-circuiting; 

Figure 4 is a graph showing the relationship between 
the thickness of the TiW layer and the forward voltage 
of the Schottky barrier diode; and, 

Figures 5 to 7 are graphs showing the relationship 
between the contact area of a Schottky barrier diode and 
the forward voltage of the Schottky barrier diode with 
various multilayer electrodes. 
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In the past, a multilayer (e.g. a tripie-laycr) 
electrode 1 comprised a first aluminium layer 2, a 
second layer of a refractory metal (such as Ti, W, or 
Mo) or of an alloy thereof (such as TiW) 3, and a third 

5 aluminium layer 4. The first aluminium layer 2 of the 
multilayer electrode 1 contacts the surface of a silicon 
substrate 5 via a window (i.e. a contact hole) formed 
in an insulating layer 6 made of silicon dioxide or 
phospho-silicate glass. This construction is illus- 

10 trated with reference to Figure 1 and is described in 
Japanese unexamined Patent Publication (Kokai) No 
54-44866 . Such a construction of the multilayer elec- 
trode is based upon the fact that Ti, W and TiW do not 
easily react with aluminium or silicon. Since the 

15 second layer 3 of the refractory metal is interposed 

between the first aluminium layer 2 and the third alum- 
inium layer 4 and serves as a barrier layer, only the 
first aluminium layer 2 can react with the silicon of 
the substrate 5. Therefore, the degree to which the 

20 silicon dissolves into the aluminium is limited to a 
predetermined amount. 

Since an electrode of a semiconductor device is 
manufactured so that it has the above-mentioned multi- 
layer structure in order to prevent excessive disso- 

25 lution of the silicon of the semiconductor substrate 
into the aluminium of the electrode, it is possible to 
carry out annealing and heating without deteriorating the 
characteristics of the semiconductor device, provided 
the annealing and the heating are carried out at a temp- 

30* erature lower than approximately 450 °C. At present, 
however, it is preferable to make the semiconductor 
device withstand a temperature of approximately 500 °C. 
For example, in the case of a ceramic dual inline package, 
the die bonding step is performed at a temperature of 
35 from 400 to 450 °C and the sealihg step is performed at a 
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temperature of from 420 °C to 480°C. At a temperature of 
500 °C however, the function of the barrier of the second 
layer of the multilayer electrode of the above-mentioned 
structure, which function is to inhibit the reaction 
between the aluminium and the silicon, is lost. There- 
fore, the silicon excessively dissolves into not only the 
first aluminium layer but also the third aluminium layer, 
thereby deteriorating the characteristics of the semicon- 
ductor device. 

According to the present invention which will 
also be described with reference to Figure 1, a multi- 
layer electrode 1 of a semiconductor device comprises 
a first layer 2 of aluminium, a second layer 3 of a 
refractory metal, refractory metal alloy or refractory 
metal compound and a third layer 4 of an aluminium- 
silicon alloy, as illustrated in Figure 1. The first 
layer 2 contacts the surface of a silicon semiconductor 
substrate 5 through a window formed in an insulating 
layer 6, The contact between the first layer 
2 and the silicon substrate 5 forms a Schottky 
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barrier or ohmic contact, depending upon the concentration 
of the impurities introduced into the silicon substrate 5, 

The aluminum-silicon alloy of the third layer 4 con- 
tains from 0.5% to 2.0% by weight of silicon, preferably 
5 from 0.8% to 1.5% by weight of silicon. It is preferable 
that the third layer 4 have a thickness of more than 
500 nra so as to decrease the electric resistance of the 
electrode 1. 

The aluminum of the first layer 2 may be alloyed with 

10 the silicon substrate when it is formed. As the result, 
the amount of silicon of the silicon substrate 5 which 
dissolves into the aluminum of the multilayer electrode 1 
can be decrease somewhat. The thickness of the first 
layer 2 generally is from 50 to 200 nm. 

15 The refractory metal of the second layer 3 is either 

Ti, W, Mo, Zr, Cr, Hf, Nb, V, Ni, Pt, Ta, or Pd. It is 
possible to use an alloy of or a compound of the refractory 
metal for forming the second layer 3.. The alloy of the 
refractory metal is preferably TiW, TiWo, or TiTa, and the 

20 compound of the refractory metal is preferably TiK, TaN, 
ZrN, WN, TiC, TaC, or Hf N. The thickness of the second 
layer 3 is from 10 to 150 nm, preferably from 80 to 120 nia. 
When the second layer 3 has a thickness of less than 10 nm, 
nonuniformity of the layer thickness becomes relatively 

25 large. Accordingly, the function of barrier of the second 
layer 3 may be lost locally. If the thickness of the 
second layer 3 exceeds 150 nm, the electric resistance of 
the multilayer electrode 1 increases. 

It is possible to make the first layer 2 and the third 

30 layer 4 of an aluminum-silicon-copper alloy containing, 

e.g., 4% by weight of copper, or an aluminum- silicon-mag- 
nesium containing, e.g., 0.5% by weight of magnesium. The 
inclusion of copper or magnesium in the alloy contributes 
to the prevention of electromigration. 

35 The formation of multilayer electrodes of a bipolar 

transistor and a Schottky barrier diode of a semiconductor 
device is explained with reference to Figs. 2A through 2C. 
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In accordance with a conventional process of producing 
a bipolar transistor, an insulating layer 11 of silicon 
dioxide covering the surface of a silicon semiconductor 
substrate 12 is selectively etched to form a base electrode 
5 window 13 , an emitter electrode window 14, a collector 

electrode window IS, and a Schottky electrode window 16, as 
illustrated in Fig. 2A. The silicon substrate 12 consists 
of a silicon wafer 17 and a silicon epitaxial layer 18 
grown on the silicon wafer 17 • A buried layer 19 is formed 

10 between the silicon wafer 17 and the epitaxial layer 18, 

and an isolation region 20 is formed in the silicon epitaxial 
layer 18. In a portion of the silicon epitaxial layer 18 
surrounded by the isolation region 20, a base region 21 
(having a depth of 0.9 ym) , an emitter region 22 (having a 

15 depth of 0.7 pro), and a collector contact region 23 are 
formed. 

On the silicon dioxide layer 11 and on the exposed 
surfaces of the silicon epitaxial layer 18 within the 
windows 13, 14, 15, and 16, a first layer 24 (having a 

20 thickness of 100 nm) , a second layer 25 (having a thickness 
of 100 nra) , and -a third layer 26 (having a thickness of 
650 nm) are formed in sequence as illustrated in Fig* 2B f 
by means of, e.g., a conventional sputtering method. 

In the case of the prior art, the first layer 24 is 

25 made of aluminum, the second layer 25 is made of a refrac- 
tory metal, and the third layer 26 is made of aluminum. 
»?hile, in the present invention, the first layer 24 and the 
second layer 25 may be made of the same material as the 
first layer 24 and the second layer 25, respectively, of 

30 the prior art, i.e., aluminum and a refractory metal, re- 
spectively, and the third layer. 26 is made of an aluminum- 
-silicon alloy. 

A photoresist layer (not shown) is applied on the 
third layer 26 and is patterned. The third, second, and 

35 first layers 26, 25, and 24 are selectively etched by a 

conventional dry-etching method, using the patterned photo- 
resist layer as a mask to form a base electrode 27, an 
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emitter electrode 28 , a collector electrode 29, and a 
SchottXy electrode 30, as illustrated in Fig, 2C. A re- 
action gas, such as CC1 4 , BC1 3 , and/or Cl 2 ,. can be used 
in the dry-etching method. After etching is carried out, 
5 the edge pattern of the electrodes including the aluminum 
third layer of the prior art shows a very small zigzag while 
that of the electrodes including the aluminum-silicon alloy 
third layer of the present invention is linear. 

The heat resistance of a semiconductor device having 

10 the multilayer electrode of the present invention was 
examined in the following manner. 

Multilayer electrodes consisting of a first layer 24 
of aluminum, a second layer 25 of Ti, and a third layer 26 
of an aluminum-silicon alloy (silicon 1%) were formed in 

15 accordance with the above-mentioned formation process. The 
multilayer electrodes were annealed in a nitrogen atmosphere 
for a period of 30 minutes at temperatures of 450°C / 500°C, 
and 550 °C. Then the third layer of 20 multilayer electrodes 
was removed by a wet-etching method using nitric acid and 

20 hydrochloric acid, and the exposed surface of the multilayer 
electrodes was inspected with a microscope- Multilayer 
electrodes of the prior art consisting of a first layer 24 
of aluminum, a second layer 25 of Ti, and a third layer 26 
of aluminum were used. The electrodes of the prior art were 

25 annealed, etched, and inspected in the same manner as those 
of the present invention. The results of the inspection are 



in Table 1. 


Table 1 




Fraction Defective 


Twenty Electrodes 


450°C 500°C 550°C 


Prior Art 


0/20 20/20 20/20 


Present Invention 


0/20 0/20 20/20 



- 8 - 



0082012 



As can be seen from Table 1, there were no defective • 
electrodes in either the present invention or the prior art 
at an annealing temperature of 450 °C. But at an annealing 
temperature of 500*0, the Ti second layer of all of the 
5 electrodes of. the prior art disappeared, as determined with 
a microscope, whereas all of the electrodes of the present 
invention had no abnormal Ti second layer* At an annealing 
temperature of 550°C, however, the Ti second layer of all 
of the electrodes of both the present invention and the 

10 prior art disappeared. 

Multilayer electrodes having the same construction as 
that of the above-mentioned electrodes, except that the 
second layer 25 was made of TiW, were formed. Then the 
multilayer electrodes were annealed, etched, and inspected 

15 in the above-mentioned manner. The results of the inspection 
are shown in Table 2. 



Table 2 





Fraction Defective 


Twenty Electrodes 


450°C 


500°C 


550 °C 


Prior Art 


0/20 


20/20 


20/20 


Present Invention 


0/20 


0/20 


20/20 



As can be seen from Table 2, at an annealing temperature 
of 450 C C, all of the electrodes of both the present invention 

30 and the prior art had a normal TiW second layer while at an 
annealing temperature of 550 °C, the TiW second layer of all 
of them disappeared. At an annealing temperature of 500°C, 
in all of the electrodes of the prior art, the TiW second 
layer did not entirely disappear but disappeared locally, 

35 thereby rendering the electrodes defective. 

In a case where bipolar transistors having multilayer 
electrodes were heated at a temperature of 500 °C for 30 
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minutes, the .occurrence of emitter -base short-circuiting 
was checked under the following conditions. Multilayer 
electrodes 27, 28, and 29 for a bipolar transistor were 
formed in accordance with the above-mentioned formation 
5 process, A first layer 24 and a third layer 26 were made 
of aluminum or aluminum-silicon alloys containing 0.5%, 
1.0%, or 2.0% by weight of silicon. The thickness of the 
first layer 24 was 150 nm and that of the third layer 26 
was 650 nm. Tne second layer 25 was made of TiW and had a 

10 thickness of 0, 10, 50, 100, or 150 nm. A voltage of 5.0 V 
was applied across the base electrode 27 and the emitter 
electrode 28 (Fig. 2C) of the obtained bipolar transistors. 

The results of the check are shown in Fig. 3. The 
abscissa of Fig. 3 represents the thickness of the TiW 

15 second layer and the ordinate represents the occurrence of 
emitter-base short-circuiting. As can be seen from Fig. 3, 
most of the bipolar transistors having multilayer electrodes 
comprising aluminum first and third layers (according to the 
prior art) are defective. The higher the silicon content of 

20 the aluminum-silicon first and third layers of multilayer 
electrodes according to the present invention, the lower 
the rate of occurrence of emitter-base short-circuiting. 

The forward voltage (V^) of the Schottky barrier diodes 
formed by a multilayer electrode was measured in the follow- 

25 ing manner. Schottky multilayer electrodes 30 <Fig. 2C) 

were formed at the same time as the above-mentioned bipolar 

transistors. Each of the Schottky barrier diodes had a 

2 

contact area of approximately 300 ym . After the Schottky 
electrodes were heat-treated at 450°C for 30 minutes, the 

30 forward voltage of the Schottky barrier diodes was measured. 
The results are shown in Fig. 4. 

As can be seen from Fig. 4, the higher the silicon 
content of the first and third layers of the multilayer 
electrodes, the higher the forward voltage. When the semi- 

35 conductor devices are put to practical use, the forward 

voltage of the Schottky barrier diodes formed by the multi- 
layer electrode of the prior art is not sufficient to 
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maintain the stable operation of the devices. From this 
point of view, the Schottky barrier diodes formed by the 
multilayer electrode of the present invention, axe more 
preferable than those of the prior art* 
5 The influence of annealing (i.e., of a heat-treatment) 

on the relationship between the contact area of Schottky 
barrier diodes and the forward voltage thereof was examined 
regarding the following three types of Schottky multilayer 
electrodes having various contact areas. The first type of 

10 multilayer electrode 30 (Fig. 2C) consisted of a first 

layer 24 of an aluminum-silicon (1%) alloy, a second layer 25 
of TiN, and a third layer 26 of an aluminum-silicon (1%) 
alloy. The second type of multilayer electrode 30 consisted 
of a first layer 24 and a third layer 26 of an aluminum- 

15 -silicon (1%) alloy and a second layer 25 of TiW. The third 
type of multilayer electrode 30 (according to the prior art) 
consisted of a first layer 24 and a third layer 26 of alu- 
minum and a second layer 25 of TiW. The Schottky barrier 
diodes having multilayer electrodes were either subjected 

20 to annealing (i.e., to a heat- treatment) at a temperature 

of 450°C and 500°C, respectively, for a period of 30 minutes 
or were not subjected to annealing. The forward voltage 
of the Schottky diodes having various contact areas was 
measured, and the results regarding the first, second, and 

25 third types of electrodes are shown in Figs. 5, 6, and 7, 
respectively. 

As can be .seen from Figs. 5, 6, and 7, the forward 
voltage stability of the Schottky barrier diodes having the 
prior art multilayer electrodes (Fig. 7) is lower than that 

30 of the Schottky barrier diodes having the multilayer elec- 
trodes of the present invention (Figs. 5 and 6). Further- 
more, TiN is preferable to TiW as a material for the second 
layer. 

It is possible to aboly the present invention to 
35 an electrode of a metal-oxide seirdconductor transistor 
or to a binder between a silicon chip and a support. 
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C LAIMS 

1 # A multilayer electrode (1, 27, 28 , 29, 30) of 

a semiconductor device comprising a first layer (2, 24) 
containing aluminium in contact with the surface of a 
silicon semiconductor substrate {5, 12) , a second 
layer (3 r 25) of a refractory metal or an alloy or 
compound thereof formed on the first layer, and a third 
layer (4, 26) containing aluminium formed on the 
second (3, 25) layer, characterised in that the third 
layer (4, 26) also contains silicon. 
10 2. A multilayer electrode according to claim 1, 

in which the silicon in the third layer (4, 26) is 
present in an amount from 0.5% to 2.0% by weight. 

3. A multilayer electrode according to claim 1 
or 2, in which the first layer (2, 24) also contains 

15 silicon. 

4. A multilayer electrode according to claims 

1 or 3 in which the third and /or second layer contains 
copper or magnesium in addition to silicon. 

5. A multilayer electrode according to any one of 
20 the preceding claims, in which the refractory metal is 

Ti, W, Mo, Zr, Cr, Hf, Nb, V, Ni, Pt, Ta or Pd. 

6. A multilayer electrode according to any one of 
the preceding claims in which the alloy of the 
refractory metal is TiW, TiMo or TiTa. 

25 7. A multilayer electrode according to any one of 

the preceding claims, in which the compound of the 
refractory metal is TiN, TaN, ZiN, WN, TiC, TaC or HfN- 
8. A method of making a multilayer electrode (1/ 

27, 28,29,30) of a semiconductor device comprising forming 

30 a first layer (2,24) containing aluminium in contact with 
the surface of a silicon semiconductor substrate (5,12) 
forming a second layer (3,25) of a refractory metal or an 
alloy or compound thereof formed on the first layer, and 
forming a third layer (4,26) on the second (3,25) layer, 

35 characterised in that the third layer (4,26) consists of 
an aluminium-silicon alloy. 
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Fig. I 




Fig. 3 
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Fig. 2 A 
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Fig. 5 
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